A SATLOC AirStar M3 swathing system installed on an Air Tractor 402B aircraft was evaluated to determine the GPS (Global Positioning System) 
technology (VRT) was being developed faster than agronomics of crop production and recognized a need for standardization in the way that VRT was evaluated and described to the end user. Almost all of the variable rate equipment development has been associated with ground-based applications. However, a number of variable spray systems have been installed on aerial application systems during the past 12 to 18 months (Jim Graves, Houma Avionics, Inc., 2003, personal communication) . These systems represent the leading edge of aerial application technology, and their introduction is being driven by farmers (Jay, 2003) . Jay also learned from aerial application operators that many feel that they must adopt the new technologies in order to stay in business.
A central component for both ground-based and aerial variable-rate application systems is the Global Positioning System (GPS). VRT equipment relies on GPS to provide accurate positioning data so that material inputs are applied at the correct location, typically determined by mapped field prescriptions. Most variable-rate field equipment utilizes differential GPS (DGPS) for guidance or position determination. DGPS utilizes a correction signal from commercial satellite-based subscription services, the U.S. Coast Guard's radiobeacon, or the U.S. Federal Aviation Administration's Wide Area Augmentation System (WAAS) to improve positioning accuracy. Attempts have been made to determine the dynamic accuracy of DGPS attached to mobile vehicles or fixtures whose travel speeds can be regulated. PetridouChrysohoidou et al. (2004) enumerated many sources of error for GPS receivers, and Stombaugh et al. (2002) proposed a standard framework for dynamically testing ground-based GPS units. Han et al. (2004) tested dynamic performance of eight commercially available DGPS on different dates, times of day, and travel speeds using a mobile tracking system. The authors found that dynamic performance of the receivers was highly variable from test to test and that frequency distribution of pass-to-pass error provided a good statistical measure of GPS dynamic accuracy. Taylor et al. (2004) developed a test procedure for dynamically evaluating GPS receivers. The authors placed GPS units on a railcar moving E-W along a railroad track, which provided a permanent immobile test fixture. The authors found that pass-to-pass errors were more random than cross-track (or lateral, northing) errors implying that pass-to-pass testing could yield more meaningful results in less time than that required for cross-track accuracy testing. The authors also suggested, however, that cross-track errors were more serious than longitudinal errors for ground-based systems since the guidance function was one of the primary uses of GPS in agriculture. Ehsani et al. (2003) evaluated five DGPS receivers while driving in a straight path. Cross-track error was calculated from position differences between the GPS units under test and a precision real-time kinematic GPS (RTK). Overall cross-track error was higher in the N-S direction for all DGPS receivers tested.
Agricultural aircraft travel at much greater speeds than ground equipment (65 m/s, typically), so longitudinal error in GPS-derived position is likely to be more pronounced. Thomson et al. (2004) tested Lowrance Airmap 100 and Garmin 76S stand-alone GPS units against an accurately georeferenced ground location. These low-cost GPS were being used to georeference images for remote sensing studies. When the plane flew over the ground point, a photodiode-based event trigger circuit sent a position record to the Satloc data file within 1/100-s (Smith and Thomson, 2003) . Results indicated delays in position updating for both GPS units, but the Lowrance unit (designed for use in aircraft) was much less sensitive to changes in airspeed than the Garmin unit. Updating delays from the two GPS units also appeared to be influenced by the method used to acquire the data, indicating latencies in transmission and data acquisition.
Most previous work evaluating the position error of GPS systems has focused on the performance of the GPS receiver in relation to the technology implemented to capture, process, and correct the GPS position information received. However, when evaluating the performance of VRT application systems, one must be concerned about the position error that results from the combination of all components of the system. The GPS position determination is the first step in VRT application. Following this step, a 'prescription' file is used to evaluate the application rate associated with the current position, ground speed is computed from the rate of position change, required flowrate (based on application rate, ground speed, and swath width) is computed, actual flowrate is determined by reading the flow meter, and the chemical pump output is adjusted to match the actual flowrate to the required flowrate. All of these functions require time; therefore, the management zone boundary needs to be anticipated so that rate changes can be made as the application equipment crosses the boundary. While VRT applications use GPS for both guidance and management zone identification, the focus of this study is position error in the direction of travel relative to management zone boundaries. Swath guidance systems have been used for years by aerial applicators and have proven to be a convenient and cost-effective tool for operators by eliminating the use of flaggers on the ground to mark spray swath boundaries and providing a record of areas sprayed. From a practical standpoint, slight side-to-side error in position while performing the guidance function for aerial applications would have little effect on the quality of the spray job. If possible, aerial applications are made perpendicular to the wind direction, and the presence of a cross-wind tends to eliminate skips that might occur due to guidance error. Due to the high ground speed of aerial application spray planes (65 to 70 ms −1 ), position error in the direction of flight could potentially have serious consequences, especially when dealing with 'no spray' zones.
Many aerial VRT systems use the SATLOC AirStar M3 swath guidance system with the AutoCal II automatic flow controller and utilize a hydraulic power package to drive the chemical pump and operate the spray valve. Very little, if any, performance data have been published on these systems; therefore, this study was made to evaluate two of the most basic parameters associated with them. These parameters are the difference in relative position coordinates of a point on the ground with respect to the indicated position coordinates of the aircraft when actual positions are synchronized (position latency) and the accuracy of the GPS ground speed measurement. This information will be crucial for projecting the lead time needed to initiate application rate changes before crossing management zone boundaries defined by variable rate prescriptions.
OBJECTIVES
The objectives of this study were to evaluate the GPS position latency of the SATLOC AirStar M3 swathing system relative to known positions on the ground surface and to perform a calibration check on the GPS ground speed measurement.
METHODS AND MATERIALS
The approach used for evaluating GPS position latency was to compare GPS coordinates of a reference point on the ground with the SATLOC AirStar M3 system GPS coordinates at the instant that the plane was over the reference point. The GPS receiver on our SATLOC system updated GPS position at a frequency of 5 Hz and was enabled to receive the Wide Area Augmentation System (WAAS) differential correction signals. WAAS provides correction for GPS signal errors caused by ionospheric disturbances, timing, and satellite orbit errors (Garmin, Ltd., 2003) . Typical position error for WAAS−enabled receivers is less than 3 m (Garmin, Ltd., 2003) , but the published accuracy of the Satloc M-3 GPS receiver is less than 0.5 m (1.6 ft) (Satloc, Inc., 2004) .
The SATLOC system was designed to log data records at the time interval specified by the operator; however, when spray was initiated or terminated, a record was introduced into the data log that contained time-of-day, position coordinates, and other normally logged data specific to those events. The time and position recorded on these records showed the precise time (0.01-s accuracy) and position when/where the spray event occurred. The initiation of spray was sensed by the closure of contacts on a pressure switch mounted on the spray boom, and termination of spray was sensed by the switch contacts opening. Another feature of the SATLOC system used in this study was a timer to record cumulative spray time. Anytime the boom was pressurized, this timer advanced, and the absence of boom pressure stopped the timer.
The approach was implemented by using reflected sunlight from the reference point as a position marker for the mobile SATLOC system on the airplane ( fig. 1 ). The reference point position was sensed by a light detection circuit mounted on the airplane such that light from the ground was sensed by a photo-detector, causing a solid state relay to close. The light detection circuit was interfaced to the SATLOC system by connecting the boom-pressure cable from the SATLOC system to the solid-state relay (instead of the boom-pressure switch). When the relay closed, the SATLOC system responded, as if spraying had been initiated, by inserting an extra record into the data log that included time and position associated with the simulated spray event. This record contained indicated position coordinates of the SATLOC GPS antenna associated with the position of the light sensor when the simulated spray event was triggered. Since the spray event was triggered by sunlight reflected upward in a vertical beam from the reference point position, GPS position coordinates in the data record (mobile system) were also associated with the reference point position on the ground. The light sensor was physically mounted 1.43 m in front of the GPS antenna on the airplane; therefore, this offset had to be taken into account when computing position latency. If the indicated position (from mobile receiver) was beyond the reference position in the direction of travel, latency magnitude was computed by adding the 1.43 m offset to the absolute value of the distance between the indicated position and the reference position ( fig. 2) . Similarly, if the indicated position was behind the reference position, latency magnitude was computed by subtracting the offset from the absolute value of the distance between the indicated position and the reference position. Latency associated with an indicated position ahead of the actual position was considered to be positive, and negative latency was associated with an indicated position behind the actual position.
Each reference point used in the study was established by selecting a point on the ground and determining its GPS coordinates using a Rockwell military GPS receiver
Antenna for GPS Receiver Photo Detector Lens (Type HNV-560B). The Rockwell receiver uses the Precise Positioning Service (PPS) with military P(Y) code capabilities that are supposed to afford greater accuracy than civilian receivers with Selective Availability (SA) turned off (Sidle, 1999) . With the removal of SA, uncorrected ionospheric delay and multi-path reception are the largest GPS error sources (Langley, 2003) .
The PPS receivers remove almost all-ionospheric delay on their measurements and typically have a position accuracy of 3 m or better when used in the open, such as on the top of the aircraft (Sidle, 1999) .
A mirror (29 × 120 cm) was installed over each reference point such that its long dimension was in a vertical plane, perpendicular to the flight direction being used (Mirror 1, fig. 1 ). The mirror was supported on a stand that provided for multi-axis angle adjustment to achieve a vertical beam of light. A second mirror (Mirror 2, fig. 1 ), for reflecting sunlight to the reference point mirror, was positioned in the bed of a pickup located in the same vertical plane as the reference point mirror, approximately 15 m from the flight line. The second mirror was physically manned during each test to maintain the proper attitude of the mirror as the sun continuously moved across the sky. Both mirrors were positioned and adjusted before initiating data collection by positioning a horizontal surface approximately 3 m above the reference point and centering the surface over it using a plumb bob. A vertical beam of light approximately 15 × 120 cm was centered on the horizontal surface by adjustment of the mirror angles while the plumb bob was directly over the reference point. This beam width was wide enough for the pilot to consistently trigger the sensor throughout the study.
The light-detection circuit was designed so that light detection could initiate simulated spray (close relay) as well as terminate the simulated spray (open relay). Time required to close the relay after triggering the photo-detector with light was 0.175 milli-seconds, which was equivalent to a 1-cm change in position of the airplane. Since only one reference point was used for position latency measurements, the circuit was designed to automatically reset 14.45 s after it was triggered in preparation for the next pass over the reference point. A check of GPS ground speed was made by using two reference points positioned a known distance apart. Time lapse while traveling between the two reference points and measured distance between the points was used to compute the average ground speed of the plane. Average GPS ground speed from the data log was computed by numerically integrating the area under the Speed vs. Time curve and dividing by the elapsed time.
GPS coordinate (latitude, longitude) values were logged by the SATLOC system as fractional degrees in the World Geodetic System of 1984 (WGS84) datum and were converted to Cartesian coordinates using zone 15 of the Universal Transverse Mercator (UTM) projection. This conversion was facilitated by using PROLAT software from Effective Objects (EffectiveObjects.com) that is based on United States Geodetic Survey (USGS) information. The conversion resulted in Easting (X) and Northing (Y) coordinates of the GPS antenna position with units of meters (m). Flight direction during data collection was normally maintained parallel to the coordinate system axes (N -S or E -W) so that only one of the coordinates was changing during the run.
DISCUSSION OF RESULTS

CHARACTERISTICS OF POSITION LATENCY ASSOCIATED WITH THE SATLOC-M3 AIRSTAR
A typical set of data (collected on 16 October 2003) from the latency study is presented in table 1. Four passes were made over the reference point in each of four orthogonal directions (N, E, S, and W) such that only one coordinate of position was changing as each pass was made. The reference point coordinates were determined with a Rockwell Military type GPS receiver and are shown on the last line of table 1. Easting values are negative because our location is west of the coordinate system origin, and they become less negative as position moves in the Easterly direction. Northing values increase in value as position moves in a northerly direction. A comparison of the Northing values for the east and west runs with the reference point Northing coordinate reveals
. These small differences, which include pilot guidance error over the reference point, show that the mobile (SATLOC) GPS receiver produces position coordinate values similar to the Rockwell receiver when the coordinate is not changing values. Latitude does not change as one travels east or west, and longitude does not change when traveling north or south.
One objective of this study was to evaluate position latency, which for the purposes of this analysis was defined as the difference between the position indicated by an onboard GPS based VRT application system and the actual position of the aircraft GPS antenna at any instant in time. If the indicated position was in front of the GPS antenna position, it was considered to be a leading latency. Likewise, a lagging latency was associated with an indicated position behind the GPS antenna position. Position logging was initiated by the light sensor mounted in the aircraft storage compartment; therefore, the sensor occupied the reference point when the indicated position of the aircraft was logged. fig. 2) . The algebraic sign convention used for position latency values was that leading latency was assigned a plus sign and lagging latency values were assigned a negative sign.
Position latency values were found to be negative when moving in the east or west direction and positive when moving in the north or south directions. This result was [a] To convert kilometers/hour (km/h) to miles/hour (mile/h), multiply by 0.6214. [b] To convert meters (m) to feet (ft), multiply by 3.2808.
somewhat problematic for use in a variable rate application system because the look-ahead timing for application rate changes at prescription zone boundaries could not be constant. Based on these results, it would have to vary with the direction of travel. Negative latency was expected for all directions of travel since the position coordinates available to the computer for logging had to be acquired before the system occupied the reference point position. This would result in a logged position that was behind the GPS antenna position or negative latency. Positive latency when moving north or south was perplexing in that the indicated position was one that had not been occupied by the aircraft. Latitude values while moving east or west and longitude values while moving north or south verified that the GPS receiver was functioning properly; therefore, the problem had to be in the system that processes the GPS information and logs the data. Timing issues between hardware components or with data processing could affect latency magnitudes, but could never produce a positive latency. The GPS receiver has to occupy a position before it acquires the coordinates for that position. Therefore, the logical conclusion is that the system attempts to predict forward positions and synchronize the availability (and logging) of these predictions with real-time operations. The result is a slight over-prediction for latitude values and slight under-predictions for longitude values.
POSITION LATENCY ERROR ANALYSIS
Error in position latency measurements could be due to a number of sources such as: 1) an offset in reference point coordinates relative to coordinates determined for the reference point by the mobile receiver due to differing GPS differential correction technologies or times of determination, 2) timing error in triggering the occupation of the reference point by the photo-detector due to time lag in relay closure and non-vertical light beam, 3) latency error due to varying ground speed, 4) timing problems between mobile GPS receiver and control computer, and 5) timing issues associated with software algorithms used for processing coordinate information and synchronizing its use with real time.
The average position coordinates from four replicates of measurements for each direction were collected over a five-week period in conjunction with a common reference point (table 2) . Reference point coordinates were established by a Rockwell military GPS receiver (without differential correction, but used PPS with P(Y) military code capabilities), and the indicated mobile position was acquired with a GPS receiver using WAAS differential correction. Position coordinates acquired by the two receivers agreed quite well as is seen by comparing Easting values on north-south passes or Northing values on east-west passes to the corresponding coordinate for the reference point. These values include alignment error over the reference point by the pilot, but averaging the position of four passes tends to minimize this effect. Generally, the static (non-changing) coordinate of the mobile receiver agreed with that of the reference point within 1 m. This indicates that the GPS receiver technology was not the cause of the position latency variation with travel direction. The data also reveal that on all dates on which data were collected, position latency consistently led when traveling north or south and consistently lagged when traveling east or west. Table 2 also shows that date of data collection did not have a significant effect on the magnitude of position latency.
Light sensor response to the upward directed light beam from the reference point is not suspect as a source of error for latency determination because the latency is both leading and lagging, depending on the direction of flight. However, if [a] Each row of the table indicates the average value of Easting, Northing, ground speed, and heading computed from four replicate measurements.
distance-from-reference and position latency values were computed from these average values. [b] To convert kilometers/hour (km/h) to miles/hour (mile/h), multiply by 0.6214. [c] To convert meters (m) to feet (ft), multiply by 3.2808. timing within the sensor was a factor, the time lag between sensing light and relay closing was 175 microseconds; the time required for the plane to travel 1 cm.
The vertical attitude of the light beam was established by using a horizontal board supported at a height of 3 m (nominal height of light sensor on plane) with a plumb bob attached to its center such that the board was maintained directly over the reference point. The mirrors were then adjusted to reflect a beam of sunlight approximately 29 cm wide by 120 cm long on the bottom of the board. The long dimension of the beam was perpendicular to the flight path so that the sensor consistently passed through the beam of light. Therefore, the sensor possibly entered the light beam approximately 15 cm before it reached the reference point. This offset was not accounted for in the latency analysis; however, it would tend to increase positive latency and decrease negative latency.
Ground speed variations could have an effect on position latency if timing of activity between the GPS receiver and other components of the system had a significant effect on the latency magnitude. Slower ground speeds should result in smaller position latency values due to smaller changes in position for a specific time period. Data were collected on 15 October 2003 to determine the effect of varying ground speed on the position latency for the SATLOC-M3 AirStar system. Average results are presented in table 2 for each direction of flight performed using slow and fast ground speeds. The speeds used represent the range of speeds used for an Air Tractor 402B. The 'slow' data are presented in the first four lines of table 2, and the 'fast' data are presented in the next four lines. Summary statistics for this data are presented in table 3.
Average position latency for each direction of flight in table 3 showed that position latency magnitudes tended to increase with increased ground speed. Latency comparisons between the slow and fast speed classes revealed that three of the four comparisons were higher for the fast speeds by an average of 0.61 m as a result of an average speed increase of 25 km/h. An analysis of variance indicated that speed had a significant effect on position latency at the 9.74% level of probability. These data also point to the validity of position latency measurements in that the measurements were repeatable. Standard deviations (computed over replications) for latency values ranged from 0.13 to 0.67 m over all directions and speed classes.
The fact that latency values tend to increase in magnitude as speed increases points to timing issues of some kind; however, one cannot be certain where the problem lies. The validity of the GPS coordinate information is supported by the agreement of the value of the static coordinate for each run with the corresponding reference point coordinate value. Therefore, the change of latency sign (leading or lagging) with direction of travel must be due to information processing after reception. Timing issues could be related to transfer of information between the GPS receiver and the control computer or to the execution of data processing software loops.
GPS GROUND SPEED CALIBRATION CHECK
Computations of average GPS ground speed and average calculated ground speed while traversing a 610. 3-m (2002.4-ft) course between two reference points are presented in table 4. Records from the SATLOC data log corresponding to the two trigger events for each run were used to determine the elapsed time required to travel between two reference points. Using the log of GPS ground speeds, (values logged at 1-s intervals) during the period between the triggers associated with each reference point, a numerical integration was performed to determine the area under the Speed vs. Time plot for each run. These areas divided by their respective elapsed time gave the average GPS ground speed for each run. The calculated ground speed was determined by dividing the distance between the reference points by the respective elapsed time for each run. The percent error magnitude ranged from 0.01% to 0.11% and showed that the GPS ground speed measurement was highly accurate and reliable.
There was no apparent effect on ground speed accuracy from speed magnitude variation among the eight runs with speeds that ranged from 176 to 238 km/h (109 to 148 mile/h). The GPS ground speed accuracy and consistency also indicated that the photo-detector circuit for synchronizing the aircraft position to reference point positions gave accurate and consistent results. While position latency was still present when making the speed calibration runs, these data show that the latency did not affect either the measurement of elapsed time required to travel between the two reference points or the dynamic evaluation of GPS ground speed. A typical data set for one of the speed calibration runs is presented in figure 3 to illustrate the process of numerical integration to compute average GPS ground speed.
SUMMARY AND CONCLUSIONS
GPS position latency relative to ground-based reference points was evaluated for the SATLOC AirStar M3 swath GPS position relative to the reference position and vice versa. Standard deviations of latency and speed were computed across the replications of each Speed Class/Direction combination to provide an indication of consistency within replications. [b] To convert meters (m) to feet (ft), multiply by 3.2808. [c] To convert kilometers/hour (km/h) to miles/hour (mile/h), multiply by 0.6214. [d] Standard deviation of (latency; average speed) in the indicated respective units. [b] GPS Ground Speed (km/h) [b] Calculated Ground Speed (km/h) [a] Percent Error (%) [c] guidance system (with WAAS differential) installed on an Air Tractor 402B spray plane. Synchronization of plane position data with reference point positions was achieved by interfacing an electronic circuit to the SATLOC system to simulate the function of the boom pressure switch. The circuit used a photo detector to sense a vertical beam of sunlight reflected from a mirror positioned directly over a reference point. When triggered by the light beam, the circuit closed a solid-state relay to which the boom pressure cable from the SATLOC system was connected. The SATLOC system responded by inserting an extra record into its data log with the precise time and GPS position associated with the trigger event. The circuit design also allowed a second trigger event to open the relay (reset the system); or in the absence of a second trigger, the circuit automatically reset after 14.45 s. A system reset also caused the SATLOC system to insert an extra record into the data log with precise time and GPS position associated with the reset event. Position latency was determined from the difference between the GPS coordinates of the GPS antenna on the airplane (as logged on the extra data records) and the GPS coordinates of the reference point that triggered the photo-detector. A calibration check on GPS ground speed was made using two reference points positioned a known distance apart such that the detector was triggered twice, and elapsed time required to travel between the two points was determined. Results indicated that GPS position latency was positive for N-S flight directions and negative for E-W flight directions. The magnitude of these latencies was relatively small [less than 9 m (29.5 ft)] considering that the airplane was traveling at a speed of 58 m/s (190 ft/s). The fact of inconsistent latency direction (positive/negative) means that timing for application rate changes will have to be adjusted for the flight direction being used. Position latency relative to ground positions has no effect on the accuracy of the AirStar swath guidance system. A GPS ground speed calibration check revealed errors of 0.01% to 0.11% for a series of runs with speeds varying from 176 to 238 km/h. This result indicates that GPS ground speed is highly accurate, but it also indicates that the use of a light beam to synchronize the airplane position to a point on the ground is a reliable as well as effective technique. Conclusions reached as a result of this study were as follows: S The SATLOC AirStar M-3 maintained a position latency magnitude of less than 9 m for a series of runs in N, E, S, and W directions. S Position latency for the system tested was positive when traveling in the north or south directions and negative when traveling in the east or west direction. S GPS ground speed calibration data revealed highly accurate determinations of speed with errors ranging from 0.01% to 0.11% for a series of runs that ranged in speed from 176 to 238 km/h. S The good agreement between the static position coordinate of the mobile system with the corresponding position coordinate of the reference point indicates that the latency is caused by timing and/or data processing issues after GPS position data are acquired. 
